Background. Bloodstream infection with invasive nontyphoidal Salmonella (iNTS) is common and severe among human immunodeficiency virus (HIV)-infected adults throughout sub-Saharan Africa. The epidemiology of iNTS is poorly understood. Survivors frequently experience multiply recurrent iNTS disease, despite appropriate antimicrobial therapy, but recrudescence and reinfection have previously been difficult to distinguish.
In HIV-infected adults who are not treated with antiretroviral therapy (ART), iNTS disease is frequently recurrent, with recurrence in 20%-43% of index cases. Of these casess, #25% have multiple recurrences [3] . Recurrent iNTS disease following a course of appropriate antimicrobials has been attributed to both recrudescence of the same organism and reinfection with a distinctly different strain [3, 6, 7] . Previous analyses of paired isolates from index presentation and recurrence events using serology, antibiotic-resistance profiling, pulsed-field gel electrophoresis, and plasmid profiling identified recrudescence as the most likely driver of recurrent disease in Malawian HIVinfected patients [3] . These subgenomic methods, however, lack the resolution to definitively discriminate between recrudescence and reinfection [6, 8] .
We therefore used high-quality, single nucleotide polymorphism (SNP)-based, phylogenetic analyses based on wholegenome sequences to detect phylogenetic differences between index and recurrent isolates at very high resolution. Recently, SNP-based typing methods have been used to demonstrate the genetic variation between very closely related bacterial strains in clinically important settings [9, 10] . We demonstrate here the value of whole-genome phylogenetic methods in resolving variation between African iNTS isolates, to understand pathogenesis and guide effective therapeutic and preventive measures.
MATERIALS AND METHODS

Participants and Isolates
The isolates and clinical events described here arose from a larger study in which consecutive febrile adult (.14 y) patients in Blantyre were recruited. Patients with iNTS were identified at an index event by blood and bone-marrow culture, treated with ciprofloxacin 500 mg twice per day for 10-14 days, and followed up monthly to detect recurrence of invasive disease [11] . Recurrent episodes of invasive iNTS disease were retreated with ciprofloxacin. All iNTS patients were HIV-infected.
At follow-up, we collected blood samples, and we requested bone-marrow sampling, for culture, when there was a febrile episode. Simultaneous mucosal samples (urine, stool, throat swab) were also taken when possible. We used previously described diagnostic microbiological methods [11] . We isolated NTS from blood or bone-marrow samples by automated culture (BacT/Alert 3D, BioMérieux) or pour-plate culture in Columbia agar. Stool, urine, and throat swabs were cultured in selenite broth and subcultured onto xylose-lysinedeoxycholate agar. We used standard biochemical and serological methods to identify NTS, which were then stored at -80°C. Series of all Salmonella isolates from 14 individuals who had multiple recurrences of iNTS disease were selected for genomic analysis.
Genomic DNA Preparation
Bacteria were grown on Luria-Bertani (LB) medium then incubated in LB broth overnight at 37°C. We pelleted bacterial cells by centrifugation and extracted DNA using the Wizard Genomic DNA kit (Promega) according to the manufacturer's instructions. We checked DNA quality and quantity by gel electrophoresis and Qubit quantitation platform (Invitogen). We submitted 20-50 ng/lL of DNA from each isolate for Illumina sequencing.
Library Preparation and DNA Sequencing
We prepared multiplex libraries with 54 or 76 base-pair (bp) reads and 200 bp insert sizes [9] . We conducted cluster formation, primer hybridization, and sequencing reactions using the Illumina Genome Analyzer System [12] according to standard protocols [9] . An average of 97.3% of the reference was mapped with a mean depth of 53.3-fold in mapped regions across all isolates (Supplementary Table 1 ). We submitted the sequence data to the European Nucleotide Archive (http://www.ebi.ac.uk/ena).
SNP Detection and Phylogenetic Analyses
We mapped the sequence data from each isolate to the nonrepetitive genome sequence of the reference SL1344, which was obtained by excluding phage sequences and exact repetitive sequences of $20 bp identified using the repeat-finding programs nucmer, REPeuter, and repeat-match [13] [14] [15] [16] . We mapped reads from each isolate onto the reference genome using SSAHA v2.2.1 [17] with a minimum mapping score of 30. We identified SNPs using SSAHA_pileup and filtered them with a minimum mapping quality of 30 and a SNP/mapping quality ratio cutoff of 0.75 [9, 14] . A total of 45 497 chromosomal sites contained a high-quality SNP in at least 1 mapped isolate. We constructed maximum-likelihood phylogenetic trees with RAxML v7.0.4 [18] with alignment of all the concatenated 45 497 variant sites from each of the isolates. We removed from the alignment 4 isolates with .12 000 SNP differences from the reference, as these were unlikely to be Salmonella enterica serovar Typhimurium (Salmonella Typhimurium), and recalculated the maximumlikelihood tree using 51 isolates with 1463 SNP sites. In both calculations, we used the general time-reversible model with a gamma correction for site variation as the nucleotide substitution model. We calculated likelihood test ratios as previously described [9] . We checked support for nodes on the trees using 100 random bootstrap replicates.
Validation of Phylogenetic Clusters
We used several independent approaches to validate the phylogenetic tree. Concatenated SNP alignments generated for 51 isolates consisting of 1463 chromosomal SNP loci were used to construct additional unrooted phylogenetic trees, via neighbor joining and maximum-parsimony methods with the PHYLIP 3.69 package [19] . We evaluated the support for the nodes of the resultant tree clusters by bootstrap analyses based on 100
replicates. We conducted a Bayesian phylogenetic analysis using MrBayes 3.1 [20, 21] . We used a general time-reversible substitution model with gamma rate variation. The Markov chain Monte Carlo method ran until it reached convergence for 1 000 000 generations and sample frequency of 100. Summaries were based on 15 002 samples from 2 runs. Each run produced 10 001 trees, of which 7501 were included. We used 15 002 final trees for posterior probability distribution calculations; the probability of each partition or clade on resulting tree was given as a credibility value. To find the best clustering of isolatese, we used the Bayesian Analysis of Population Structure (BAPS) 5 package [22] to further probe the population structure using Bayesian statistical approaches. We performed a genetic-mixture analysis for each concatenated SNP sequence and the dependencies present between loci within the aligned sequences [23] . We conducted sequential clustering analyses on identified clusters until single-member clusters were obtained [22, 23] .
Phylogenetic Relationships of Non-iNTS Typhimurium Isolates
We calculated a separate maximum-likelihood tree including the 4 isolates that had SNP differences of .12 000 from the Salmonella Typhimurium SL1344 reference, and 11 additional reference Salmonella enterica serovars including Salmonella enterica serovar Enteritidis, Salmonella Typhi, and Salmonella Paratyphi groups A, B, and C (Supplementary Table 2 ).
Discrimination Between Recrudescent and Reinfection Isolates
We based classification of recrudescent and reinfection isolates primarily on their relationship within the phylogenetic trees by determining whether 1 isolate could have been plausibly derived from another with reference to the structure. We calculated the number of pairwise SNP differences between index and recurrence isolates.
RESULTS
SNP and Phylogenetic Analyses of Recurrent iNTS Disease Isolates Based on Whole-Genome Sequences
We selected 47 index and recurrence NTS isolates from systemic and mucosal sites, from 14 patients who had multiple recurrences following an index presentation with iNTS. Sampling at different sites is described in Table 1 . The isolates used are summarized in Table 2 ; they comprised 35 blood isolates, 8 bone-marrow isolates, 2 stool isolates, and a single isolate each from an oralpharyngeal swab and a urine sample. To control the study, we also included 7 previously sequenced Malawian iNTS Typhimurium isolated from blood cultures of febrile pediatric hospital admissions and the gastroenteritis-associated reference SL1344 [24] .
We detected high-quality discriminatory SNPs by mapping sequence reads to the Salmonella Typhimurium SL1344 reference sequence. Of the isolates, 43 were closely related to the Salmonella Typhimurium SL1344 reference, differing by 348-834 SNPs. The other 4 recurrent disease isolates, from participants Q23 and Q255, were found to differ from SL1344 by .12 000 SNPs (Table 3) . Serotyping identified Q23A, Q23F1, and Q23F2_BM as S. Enteritidis, and this was concordant with their phylogenetic relationships. Isolate Q255F1_U was identified serologically as belonging to Salmonella group D and derived phylogenetically from the same branch as S. Enteritidis ( Figure 1A, Supplementary Figure 1) .
The sequences of the 43 iNTS Typhimurium isolates from 14 patients and 8 control iNTS Typhimurium isolates were next subjected to a maximum-likelihood tree analysis to determine the overall population structure in fine detail. We confirmed this tree using several independent approaches, with bootstrap support and clade credibility marked. All the iNTS Typhimurium isolates from patients in the study fell within 3 distinct phylogenetic clusters ( Figure 1B) . Clusters 1 and 2 included 4 study isolates (9.3%) and 38 study isolates (88.4%), respectively. Both these clusters represented sequence type ST313 Salmonella Typhimurium strains. Cluster 3 contained only the index isolate Q303A (2.3%), which is most closely related isolate to the SL1344 reference.
Population Structure of Isolate Groups as a Basis to Define Recrudescence and Reinfection
Overall, .78% of recurrent isolates (25 of 32) represented recrudescence events among the samples we analyzed, and 13 of 14 participants demonstrated recrudescences during the study Abbreviations: NTS, nontyphoidal salmonellae.
( Table 2) . Of recurrent isolates, 22% (7 of 32) represented reinfections, and only 1 patient (Q175) had recurrences that were only a result of reinfection. A further 4 of 14 patients showed a combination of recrudescence and reinfection patterns.
Participants With Only Recrudescence
Isolate clusters from 9 patients-Q18, Q213, Q217, Q340, Q258, Q285, Q363, Q367, and Q435 ( Figure 1C and 1D, Table 2 )-suggested that all recurrent events for these participants were caused by recrudescence. We considered that these could be defined as recrudescent isolates as they were positioned in discrete clusters on individual phylogenetic branches and were highly genetically related, differing by only 0-6 SNPs (Table 3) . Such SNP numbers could easily accumulate as the bacteria persist and replicate within the host. Whereas a single recrudescent isolate group, Q213, was found in cluster 1, the 8 other recrudescent isolate groups fell within cluster 2.
Participants With Only Reinfection
Other isolate pairs or series from the same individual fell on separate branches either within the same cluster or on different clusters, and we considered that these could be defined as likely reinfections, as later isolates could not be plausibly derived from earlier ones. The numbers of pairwise SNP differences were 5-508 within Salmonella Typhimurium serovars, and .12 000 between Salmonella Typhimurium and S. Enteritidis isolate pairs ( Figure 1A , Table 3 ). For example, patient Q175 experienced only reinfections, at both a mucosal and an invasive site. The index and first recurrence isolates, Q175A and Q175F4_TH respectively, fell on different branches within cluster 2, despite only differing by 5 SNPs (Figure 1D ), whereas a second recurrence isolate, Q175F6, was found in cluster 1 ( Figure 1C ).
Participants With Both Recrudescence and Reinfection
Isolate groups from 4 patients, Q23, Q134, Q255, and Q303, provided examples of disease recurrence resulting from combinations of recrudescence and reinfection within 1 participant ( Figure 1D , Table 2 ). The index and recurrence isolates Q23A, Q23F1, and Q23F2_BM were identified as iNTS Enteritidis isolates, based on serology and phylogeny, and these F1 and F2 isolates were most likely early recrudescence episodes. A later 
individual patients (Q) with recurrent invasive nontyphoidal Salmonella Typhimurium disease, consisting of index presentation invasive isolates (A) and recurrent isolates at follow-up visits (F1, F2, F3 etc). Isolates are from 5 different tissues: blood (no suffix), bone marrow (_BM), stool (_S), throat (_TH) and urine (_U).
invasive reinfection with an Salmonella Typhimurium isolate, Q23F5, was identified, which differed from the index S. Enteritidis cluster by .38 000 SNPs. For participant Q134, the index and recurrence isolates, Q134A and Q134F4, formed a recrudescent pair differing by a single SNP but fell on a different phylogenetic branch within cluster 2 ( Figure 1D ) from a later reinfection isolate, Q134F8. Q134F9 thereafter represented a new recrudescent pair with Q134F8. The index and first recurrence isolates Q255A and Q255F1_BM formed an identical recrudescent pair; whereas a recurrence isolate, Q255F4, fell on a separate branch within cluster 2 ( Figure 1D ), which was indicative of a later invasive reinfection. Interestingly, the urine sample Q255F1_U had 36 974 SNP loci different from the index isolate and represented a mucosal reinfection with another NTS serovar, which was closely related to S. Enteritidis (Table 2, Supplementary Figure 1) .
For participant Q303, only a single disease episode resulted from reinfection whereas all later isolates represented recrudescence. The index isolate Q303A, found in cluster 3 ( Figure 1B) , differed from the reinfection isolate Q303F1 found on a single phylogenetic branch in cluster 2, by .500 SNPs ( Figure 1D , Table 2 ). Q303F1 subsequently showed recrudescence on 2 occasions (Q303F3 and Q303F5), when only 2-3 additional SNP differences were observed.
The time to recurrence ranged from 23 to 486 days between recrudescent pairs, and 24 to 464 days between reinfection pairs. The time to recurrence showed no correlation with the number of SNP differences between index and recrudescent isolates (Figure 2 ).
DISCUSSION
Recurrence of iNTS Typhimurium disease may be either a result of recrudescence, where the index isolate and the recurrent isolate are either genetically indistinguishable or plausibly phylogenetically derived one from the other, or a result of reinfection, where the subsequent recurrent isolate is phylogenetically distinct from the index isolate [6] . To explain the nature of recurrent iNTS disease, we analyzed isolate series from 14 patients with multiple recurrences of iNTS. The high-resolution SNP-typing and Abbreviation: SNP, single nucleotide polymorphism. a Isolate that represents a reinfection at a mucosal or invasive site, with a nontyphoidal Salmonella pathovar that is phylogenetically distinct from the chronologically previous isolate. Isolates are labeled according individual patients (Q) with recurrent invasive nontyphoidal Salmonella Typhimurium disease, consisting of index presentation invasive isolates (A) and recurrent isolates at follow-up visits (F1, F2, F3 etc). Isolates are from 5 different tissues: blood (no suffix), bone marrow (_BM), stool (_S), throat (_TH) and urine (_U).
phylogenetic methods we used distinguished very closely related isolates to a degree not achievable by widely employed subgenomic typing tools. Our results reveal that both mechanisms are involved in recurrence of iNTS Typhimurium disease. Indeed, a combination of recrudescence and reinfection may frequently occur within an individual. This method therefore gives resolution superior to that seen in previous studies, which attempted to identify whether recrudescence [3] or reinfection [7] is the single most likely driver of recurrent iNTS disease. Crucially, we were able to identify reinfection with extremely closely related strains, where previous typing schemes with lower resolution would have inferred recrudescence. The high recurrence rate we observed is a well-known feature of NTS infections associated with HIV infection [25] [26] [27] [28] . The NTS might reemerge from a suppurative focus of infection (eg, endothelium, biliary or urinary tract, or musculoskeletal sites) [28] [29] [30] [31] to cause recurrence, although we have not found this to be a frequent occurrence in our setting [3] . The larger study, from which the participants and isolates for this investigation were drawn [11] , showed that there is an intracellular element of iNTS in HIV infection, that there is persistence and replication of NTS in the bone-marrow, and that recurrence is associated with an apparent failure of immunological control, all of which suggests that recrudescence from an intracellular sanctuary site might be the most likely explanation for recurrent iNTS disease in these patients.
Environmental factors such as contaminated food and water supplies, exposure to asymptomatic human carriers [31] , or hospital-acquired infection [31, 32] could also potentially contribute to recurrent iNTS Typhimurium disease as a result of re-exposure and reinfection, especially in immunocompromised patients [33] . Clearly, repeated re-exposure might result in infection with a very closely related or identical isolate, or else with a new, unrelated isolate. Our study has not addressed these important possibilities, but there is an urgent need for comprehensive epidemiological investigation to understand the environmental reservoirs and transmission of NTS in sub-Saharan Africa. The methods we describe here would provide the resolution that would be critical for such investigations.
It is possible that there is heterogeneity in the population structure of Salmonellae within an individual, which could be underappreciated by sampling a single colony from each primary culture. We found, however, that 78% of recurrent isolates were near-identical to their preceding isolate, even from different sites and even over time. The data therefore point to the strain population within these individuals being homogeneous.
At the time of sampling (2002) (2003) , multidrug resistant (MDR) iNTS Typhimurium isolates (resistant to ampicillin, chloramphenicol, and cotrimoxazole) were epidemic in Blantyre, Malawi, accounting for .75% of iNTS isolates [4, 34] . Repeated treatment of index and recurrent disease with ciprofloxacin did not, however, prevent multiple recurrences. All but 1 of the Salmonella Typhimurium isolates identified in our study were of multilocus sequence typing sequence type 313 (ST313), a novel Salmonella Typhimurium pathovar that has been associated exclusively with invasive disease in Africa and which shows genome degradation suggesting host adaptation to humans [35] . During 2001, an MDR ST313 clade represented by D23580 (cluster 2) clonally replaced a previously dominant ST313 clade represented by A130 (cluster 1), in both Malawi and Kenya. It is therefore unsurprising that most of our study isolates were closely related to D23580, forming a highly clonal cluster with ,450 chromosomal variable sites. Both clades have several drug resistance markers borne on a virulence plasmid, but both remain susceptible to fluoroquinolones [35] .
Recrudescence was a commoner event than reinfection in our study: 78% of recurrent isolates represented recrudescence events, and 13 of 14 participants demonstrated recrudescences during the study. The number of days (23-486 d) between isolation of index and recurrent isolates had no obvious impact on the numbers of SNP differences accumulated, suggesting that these isolate groups comprise single clonal haplotypes with virtually no genetic change over time, despite exposure to multiple courses of ciprofloxacin. In contrast, 22% of recurrent isolates represented reinfections, and only 1 patient (Q175) had recurrences that were only a result of reinfection. A further 4 of 14 patients showed a combination of recrudescence and reinfection patterns. From our results, it was clear that recrudescences and reinfections could occur in either order, could occur over varying time scales, could occur multiply or singly, and could occur in either main cluster group. We studied 4 incidences of infection with another iNTS serovar, Enteritidis, which accounted overall for 21% of iNTS events in Blantyre between 1998 and 2004 [4] . We have observed 1 incidence (Q255) of urinary reinfection with S. Enteritidis and 1 case (Q23) with an index series of recrudescent, invasive S. Enteritidis infections. These data are sufficient to demonstrate that, as with Salmonella Typhimurium, both reinfection with and recrudescence of S. Enteritidis may occur in HIV-associated iNTS disease.
Although sampling from mucosal sites was not as comprehensive as from invasive sites, the overall yield from mucosal sites was low, suggesting that prolonged mucosal carriage may be a relatively rare event. The nasopharyngeal and urine isolates (Q175F4_TH and Q255F2_U) represented incidences of later reinfection of the mucosa with a genetically different isolate, which was unrelated to any invasive isolates from the same individual. This is in contrast to the 2 stool samples (Q18A_S and Q18F3_S), which were longitudinally identical to the invasive isolates from the same participant, consistent with a hypothesis that the gut is the main site of invasion of iNTS.
Our results highlight the efficacy and applicability of wholegenome phylogenetics in understanding the pathogenesis of iNTS. The discriminatory power of this approach is likely to be equally necessary in a large-scale epidemiological investigation of this emerging pathogen.
Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases online (http://www.oxfordjournals.org/our_journals/cid/). Supplementary materials consist of data provided by the author that are published to benefit the reader. The posted materials are not copyedited. The contents of all supplementary data are the sole responsibility of the authors. Questions or messages regarding errors should be addressed to the author.
Notes
Financial support. This work was supported by the Wellcome Trust,
